Abstract. Long non-coding RNAs (lncRNAs)
Introduction
Head and neck squamous cell carcinoma (HNSCC), arising in the oral cavity, oropharynx, hypopharynx and larynx, is the sixth most common type of cancer worldwide, with ~635,000 new cases diagnosed annually and >12% of these cases occurring in China (1) . Advances in early diagnosis and surgical techniques combined with radiotherapy and chemotherapy have improved the survival rate of patients with HNSCC in the last 20 years, and the overall 5-year relative survival rate has increased from 54.7% (1992) (1993) (1994) (1995) (1996) to 65.9% (2002) (2003) (2004) (2005) (2006) (2) . However, even among patients with HNSCC of the same classification, the prognosis may vary (3) . Therefore, there is a requirement to identify novel molecular biomarkers of aggressive tumor behavior.
The human genome encodes ~20,000 protein-coding genes, accounting for <2% of the human genome, as the majority of the human genome is actively transcribed into non-coding RNAs (ncRNAs) (4) . These ncRNAs are divided into two categories based on their sequence length: Short ncRNAs, including microRNAs (miRNAs), and long ncRNAs (lncRNAs). lncRNAs are often defined as transcripts >200 nucleotides in length that lack protein-coding capacity (5) . lncRNAs function in regulation of gene expression and cellular activity through diverse mechanisms (6) . Previous studies have suggested that lncRNA expression is frequently dysregulated in cancer and that aberrant expression is associated with cancer diagnosis and prognosis, suggesting that lncRNAs may be promising molecular biomarkers (7) (8) (9) (10) . Certain lncRNAs have been implicated in HNSCC, including H19 imprinted maternally expressed transcript (11) , HOX transcript antisense RNA (12) and cytoskeleton regulator RNA (13) . However, the understanding of lncRNA expression patterns and their prognostic roles in HNSCC remains limited.
The aim of the current study was to determine the prognostic value of lncRNA expression profiles and to identify novel lncRNA biomarkers closely associated with the OS of patients with HNSCC using a large cohort of >400 patients with HNSCC.
Identification and validation of potential long non-coding
RNA biomarkers in predicting survival of patients with head and neck squamous cell carcinoma (14) . To investigate the association between lncRNA expression and OS of patients with HNSCC, only patients with available survival data and lncRNA expression profiles were selected. Thus, 425 patients were selected and randomly divided into a training cohort (n=213) and testing cohort (n=212) for identifying and validating survival-associated lncRNA biomarkers.
Identification of survival-associated lncRNA biomarkers.
Univariate Cox regression analysis was used to assess the association between lncRNA expression and OS time in the training cohort. lncRNAs achieving significance of P<0.01 were considered as candidate survival-associated lncRNAs. These candidate survival-associated lncRNAs were then analyzed using multivariate Cox regression analysis, and those achieving P<0.01 in this analysis were identified as independent survival-associated lncRNAs. All survival-associated lncRNAs were combined to construct a lncRNA expression signature using a risk scoring method. A lncRNA expression signature was constructed using a risk-scoring method as previously described (7, 8, (15) (16) (17) : The lncRNA expression signature was established by including the expression values of each selected lncRNA, weighted by their estimated regression coefficients from the multivariate Cox regression analysis. A risk score was calculated for each patient using the lncRNA expression signature. Patients were further divided into low-risk and high-risk groups using the median score of all patients of the training cohort as the cut-off point.
Statistical analysis. The Kaplan-Meier method and a log-rank test were used to compare the difference in OS time between the high-and low-risk groups. Univariate and multivariate Cox regression analyses for OS time were performed for individual clinical features, with and without consideration of the lncRNA expression signature in each cohort. Hazard ratios (HR) and 95% confidence intervals (CI) were calculated. Time-dependent receiver operating characteristic (ROC) curve analysis for the 3-year OS time was performed to assess the prognostic value of the lncRNA expression signature using the timeROC package (version 0.3) in R (18) . The survival analysis, univariate and multivariate Cox regression analyses was performed using the survival package in R (https://github.com/therneau/survival) (19) . The correlations between protein-coding genes and the lncRNA biomarkers were identified by Pearson's correlation coefficient using the entire TCGA data cohort of 425 patients with HNSCC. All statistical analyses were performed using R/Bioconductor (version 3.0.2; bioconductor.org/). 
Results

Identification of prognostic lncRNA biomarkers in HNSCC.
To identify lncRNAs associated with the OS time of patients with HNSCC, univariate Cox regression analysis was used to assess the association between lncRNA expression and OS time in the training cohort. A total of 32 lncRNAs were demonstrated to be significantly associated with OS time for patients with HNSCC (P<0.01) and were considered as candidate survival-associated lncRNAs (Fig. 1A) . By performing multivariable Cox regression analysis on the 32 candidate survival-associated lncRNAs, 10 candidate survival-associated lncRNAs (P<0.01; Table I ) were identified as potential independent prognostic lncRNA biomarkers. A total of four prognostic lncRNAs were identified as risk factors and their overexpression was associated with a shorter OS time (Table I ). The remaining six prognostic lncRNAs were protective factors and their overexpression was associated with longer OS time (Table I) .
Construction and evaluation of the lncRNA expression signature in predicting survival in the training cohort. To construct an lncRNA-based prognostic model for predicting the OS time of patients with HNSCC in the training cohort, the ten lncRNA biomarkers were fitted into a multivariable Cox regression model. A lncRNA expression signature was constructed using a risk-scoring method as previously described (6, A patient with HNSCC was classified as low-risk (n=106) if their risk score was lower than the median risk score of the training cohort (-1.0376) and as high-risk (n=107) if it was higher. Patients with high-risk scores exhibited poorer OS times compared with patients with low-risk scores (median OS time, 1.65 vs. 13.04 years; P<0.0001; Fig. 1B ). In univariate analysis, the hazard ratios of the high-risk group vs. the low-risk group for OS time were 5.142 (95% CI, 2.924-9.043; P<0.0001; Table II ). The 3-and 5-year survival rates of the high-risk group were 34.8 and 16.8%, respectively, whereas those of the low-risk group were 77 and 72.7%, respectively. The area under the curve (AUC) of the time-dependent ROC curve for the lncRNA expression signature was 0.796 for 3-year OS time (P<0.01; Fig. 1C ).
Independent validation of the lncRNA expression signature in the testing and entire TCGA cohorts. To test the predictive performance of the lncRNA expression signature, the lncRNA expression signature was validated in the test cohort. By using the aforementioned risk score model, 212 patients from the testing cohort were classified into high-risk (n=85) and low-risk (n=127) groups using the risk score cut-off derived from training cohort (-1.0376). As observed in the training cohort, the OS time of patients in the high-risk group was significantly shorter compared with that of patients in the low-risk group (median OS time, 2.36 vs. 4.83 years, respectively; P=0.0075; Fig. 2A ). In univariate analysis, the HR of the high-risk vs. low-risk group for OS time was 1.907 (95% CI, 1.179-3.085; P=0.0085; Table II ). The 3-and 5-year survival rates of the high-risk group were 43.7 and 39.3%, respectively, whereas those of the low-risk group were 71.9 and 49.9%, respectively. The AUC of the time-dependent ROC curve for the lncRNA expression signature was 0.637 for 3-year OS time (P<0.01; Fig. 2B ).
The prognostic value of the lncRNA signature was subsequently analyzed in the entire TCGA cohort of 425 patients. Using the aforementioned risk score model and cut-off value of the training cohort, patients were segregated into high-risk (n=179) and low-risk (n=233) groups with significantly different OS times (median OS time, 1.79 vs. 9.08 years; P<0.0001; Fig. 2C ). In univariate analysis, the HR of the high-risk vs. low-risk group for OS time was 3.014 (95% CI, 2.111-4.304; P<0.0001l Table II ). The 3-and 5-year survival rates of the high-risk group were 39.1 and 27.1%, respectively, whereas those of the low-risk group were 73.8 and 61.9%, respectively. The AUC of time-dependent ROC curve for the lncRNA expression signature was 0.718 for 3-year OS time (P<0.01; Fig. 2D ).
The distribution of risk score, the survival status of the patients with HNSCC and the expression pattern of the lncRNA biomarkers in the training cohort, testing cohort and entire TCGA cohort are presented in Fig. 3 . Patients in the high-risk group exhibited higher expression of the four lncRNAs associated with poor prognosis compared with patients in the low-risk group, whereas patients in the low-risk group expressed higher levels of the six protective prognostic lncRNAs compared with the high-risk group.
lncRNA expression signature is independent of clinical features.
To assess whether the survival-prediction ability of the lncRNA expression signature was independent of clinical features, multivariate Cox regression analysis was performed using the following variables: Risk score, age, sex, anatomic neoplasm Table II) .
Data stratification analysis was performed for age and pN status, as these two variables were significant in the multivariate analysis. The patients were divided into two cohorts: Younger (<60 years; n=183) and older (≥60 years; n=242). Using the lncRNA expression signature, patients in the younger cohort were further divided into high-risk and low-risk groups (Fig. 4A) . Similar results were observed when the lncRNA expression signature was applied to the older cohort, in which patients were further divided into high-risk and low-risk groups (Fig. 4B ). All patients were subsequently divided into two patient cohorts according to pN status: pN-positive cohort (n=339) and pN-negative cohort (n=45). The lncRNA expression signature was applied to classify patients of the pN-positive cohort and the pN-negative cohort into high-risk and low-risk groups. Kaplan-Meier survival analysis indicated that the OS time of patients in the high-risk group was significantly shorter compared with that of patients in the low-risk group, despite having the same pN status (P<0.0001 for pN-positive cohort and P=0.0014 for pN-negative cohort). These results indicated that the predictive ability of the lncRNA expression signature was independent of commonly used clinical features for predicting the survival of patients with HNSCC.
Functional characteristics of the identified lncRNA biomarkers. To investigate the potential biological role of the identified lncRNA biomarkers, GO and KEGG functional enrichment analysis of protein-coding genes associated with the identified lncRNA biomarkers was performed. The correlations between protein-coding genes and the lncRNA biomarkers were identified by Pearson's correlation coefficient using the entire TCGA data cohort of 425 patients with HNSCC. The protein-coding genes ranked in the top 1% were used for GO and KEGG functional enrichment analysis. The results of GO analysis suggested that the protein-coding genes were enriched in 14 GO terms, which could be categorized into two functional clusters: 'Cell-adhesion' and 'immune response' (Fig. 5A) . The results of GO analysis suggested that protein-coding genes correlated with the identified lncRNA biomarkers were enriched in 11 KEGG biological pathways, including 'Cytokine-cytokine receptor interaction', 'Primary immunodeficiency', 'Cell adhesion molecules', 'Hematopoietic cell lineage', 'T cell receptor signaling pathway', 'Ras signaling pathway', 'Focal adhesion', 'Rap1 signaling pathway', 'Regulation of actin cytoskeleton', 'Pathways in cancer', and 'PI3K-Akt signaling pathway' (Fig. 5B) .
Discussion
HNSCC is a heterogeneous disease characterized by distinct clinical and molecular features (20) . Traditional staging diagnosis, treatment options and prognostic prediction of HNSCC Table I . The 10 independent prognostic long non-coding RNA biomarkers in patients with head and neck squamous cell carcinoma.
Ensembl ID guide treatment strategies (21) (22) (23) (24) . However, these studies are restricted to protein-coding gene data and miRNA data. An improved understanding of the role of lncRNAs in HNSCC may result in lncRNA expression emerging as a promising molecular biomarker for predicting the prognosis of patients with HNSCC (25,26). The current study investigated the prognostic values of lncRNA expression profiles in predicting the OS time of patients with HNSCC by integrating clinical and profiling data from TCGA. A total of ten novel lncRNAs were identified as potential prognostic markers for patients with HNSCC. These were used to develop a prognostic signature using a risk scoring method, which classified the patients into 2 groups with significantly different OS times. The lncRNA signature identified in the training cohort demonstrated a similar prognostic value in the testing and the entire TCGA cohorts. Multivariable Cox regression analysis indicated that the signature was an independent prognostic factor for patients with HSNCC. Thus, the prognostic value of the lncRNA signature may have clinical potential for patients with HNSCC.
Univariate analysis Multivariate analysis -------------------------------------------------------------------------------------------------------------------------------------------------------------
Furthermore, functional enrichment analysis was performed to investigate the biological roles of the lncRNA signature in HNSCC. Protein-coding genes, whose expression values were positively associated with the lncRNA signature, were enriched in 14 GO biological terms and 11 KEGG biological pathways. These enriched GO biological processes and KEGG pathways were categorized into 'cell-adhesion' and 'immune response'. Thus, the ten lncRNAs associated with the survival of patients with HNSCC may be involved in cell-adhesion and the immune response. A number of studies have indicated that dysfunction of cell-adhesion and cell-migration serves an important role in the processes of invasion and metastasis in HNSCC (27, 28) . HNSCC is an immunosuppressive disease characterized by dysregulation of immunocompetent cells and impaired cytokine secretion (29) . The immune system serves an important role in the occurrence and progression of HNSCC, and the status of the immune system is likely to be of prognostic value in HNSCC (30) . The pathway 'immune response' was significantly associated with the lncRNA signature, suggesting that the lncRNA expression-based risk scoring system described in the current study may reflect the basic status of the immune response in the tumor microenvironment. However, several limitations of the present study should be noted. Firstly, the ten lncRNA biomarkers identified in the present study were only validated in TCGA datasets. Further testing in other independent datasets is required. Secondly, the functions of the ten lncRNA biomarkers were only predicted using bioinformatics methods; therefore, these require further investigation using experimental methods.
In conclusion, the present study identified ten lncRNAs associated with the OS time of patients with HSNCC from a large cohort. These ten lncRNA biomarkers were used to develop a lncRNA signature which robustly predicted the survival of patients with HSNCC in the training, testing and entire TCGA cohorts. Further analysis revealed that the prognostic value was independent of the clinical and pathological characteristics of patients with HSNCC. While the results presented in the current study require further validation, the current study indicates that lncRNA expression profiles may be used as molecular markers to improve the clinical prognosis for patients with HSNCC. 
